Introduction
============

Breast cancer is the most commonly diagnosed cancer among women. The symptoms of breast cancer include swelling of all or part of the breast, skin irritation or dimpling, breast pain, redness, scaliness or thickening of the nipple or breast skin.[@b1-ott-12-1147] Although advances have been made in the diagnosis and treatment of breast cancer over the last decade, the morbidity and mortality in young patients (\<40 years old) have significantly increased.[@b2-ott-12-1147] Moreover, tumorigenesis of the breast has not been fully elucidated. Accordingly, achieving a better understanding of the molecular mechanism underlying the development of breast cancer is essential for the design of effective treatment approaches.

Mammalian sterile 20--like kinase-1 (Mst1), also known as STK4, KRS2, belongs to the Hippo signaling pathway.[@b3-ott-12-1147] Ample evidence has identified Mst1 as an activator of caspases to initiate the apoptotic signaling pathway.[@b4-ott-12-1147] The anticancer effects of Mst1 have also been reported in several tumors such as colorectal cancer, prostate cancer, lung cancer and liver cancer.[@b5-ott-12-1147] Notably, previous studies have found that Mst1 is increased in HER2-positive and triple-negative breast cancer patients treated with neoadjuvant therapy. However, the molecular mechanism by which Mst1 affects the progression of breast cancer has not been explored.[@b6-ott-12-1147] At the molecular level, increased Mst1 induces mitochondrial oxidative stress and mitochondrial metabolism impairment in lung cancer.[@b7-ott-12-1147] Moreover, higher Mst1 expression has been associated with mitophagy arrest in cardiomyocytes.[@b8-ott-12-1147] Increased Mst1 induces pancreatic cancer death in a manner dependent on mitochondrial cyclophilin D activity.[@b9-ott-12-1147] These data confirm the tumor-suppressive property of Mst1 activation on cancer survival, metabolism and invasion.[@b10-ott-12-1147] Interestingly, no study has explored the detailed role of Mst1 in tongue cancer.

Recently, mitochondrial fragmentation has been connected to cancer apoptosis via multiple mechanisms.[@b11-ott-12-1147] Several mitochondrial pathological processes are closely handled by mitochondrial fragmentation, including mitochondrial redox balance,[@b12-ott-12-1147] mitochondrial autophagy,[@b13-ott-12-1147] mitochondrial calcium management,[@b14-ott-12-1147] mitochondrial energy synthesis[@b15-ott-12-1147] and mitochondrial proapoptotic factor liberation.[@b16-ott-12-1147] Abnormal mitochondrial fragmentation generates massive mitochondrial debris with lower mitochondrial potential that cannot produce ATP to ensure cancer metabolism.[@b17-ott-12-1147] Moreover, due to mitochondrial membrane damage, fragmented mitochondria release proapoptotic factors and/or calcium into the cytoplasm/nucleus and activate the mitochondria-dependent apoptotic pathway.[@b18-ott-12-1147] Mechanistically, mitochondrial fragmentation is primarily regulated by mitochondrial fission factors, such as Fis1 and its ligand Drp1.[@b19-ott-12-1147] Interestingly, Drp1-related mitochondrial fragmentation has been associated with breast cancer apoptosis through a poorly understood mechanism. In other cancer types, Drp1-related mitochondrial fragmentation is also associated with cancer mitochondrial damage and cell apoptosis.[@b20-ott-12-1147] However, whether Drp1-related mitochondrial fragmentation modifies breast cancer apoptosis via regulating mitochondrial function is unknown. Therefore, the aim of our study is to explore the roles of Mst1 and Drp1-related mitochondrial fragmentation in breast cancer apoptosis with a particular focus on mitochondrial stress.

Materials and methods
=====================

Cell culture and treatment
--------------------------

The breast cancer cell line (MDA-MB-231 \[ATCC^®^ CRM-HTB26D™\]) was used in the present study. These cells were cultured in [l]{.smallcaps}-DMEM (Thermo Fisher Scientific, Waltham, MA, USA) with 10% FBS (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) under 37°C/5% CO~2~. After the cells reached 70%--80% confluence, adenovirus-loaded Mst1 (Ad-Mst1) was transfected into the cells. To inhibit JNK activation, SP600125 (25 µM; Selleck Chemicals, Houston, TX, USA) was added to the medium for 2 hours.

TUNEL staining and MTT assay
----------------------------

Cell death was measured via a TUNEL assay using the In Situ Cell Death Detection Kit (Hoffman-La Roche Ltd., Basel, Switzerland). The TUNEL kit stains nuclei containing fragmented DNA. After treatment, the cells were fixed with 3.7% paraformaldehyde for 30 minutes at room temperature. Subsequently, an equilibration buffer, nucleotide mix and rTdT enzyme were incubated with the samples at 37°C for 60 minutes. Then, a saline-sodium citrate buffer was used to stop the reaction. After loading with DAPI, the samples were visualized via fluorescence microscopy (BX-61; Olympus Corporation, Tokyo, Japan). In addition, the MTT assay was performed to analyze cell viability according to the methods described in a previous study.[@b21-ott-12-1147] The absorbance at 570 nm was determined. The relative cell viability was recorded as a ratio to that of the control group. The experiments were performed in triplicate and repeated three times with similar results.

Western blotting
----------------

Proteins (40--60 µg) were loaded for immunodetection. The samples were resolved by 10% SDS-PAGE and then transferred to polyvinylidene difluoride membranes (85 V for 60 minutes). Then, the membranes were blocked with 5% nonfat dried milk in Tris-buffered saline, followed by incubation with the primary antibodies overnight at 4°C. Next, the membranes were incubated with a secondary antibody for 45 minutes at room temperature.[@b22-ott-12-1147] The membranes were washed with Tris Buffered Saline with Tween 20 (TBST) at least three times.[@b23-ott-12-1147] Then, the immunoblots were detected using an enhanced chemiluminescence substrate (Applygen Technologies, Inc. Beijing, China). The primary antibodies used in the present study were as follows: Bcl2 (1:1,000; Cell Signaling Technology, Danvers, MA, USA, \#3498), Bax (1:1,000; Cell Signaling Technology, \#2772), caspase-9 (1:1,000; Cell Signaling Technology, \#9504), pro-caspase-3 (1:1,000; Abcam, Cambridge, MA, USA, \#ab13847), cleaved caspase-3 (1:1,000; Abcam, \#ab49822), t-JNK (1:1,000; Cell Signaling Technology, \#4672), p-JNK (1:1,000; Cell Signaling Technology, \#9251), Drp1 (1:1,000; Abcam, \#ab56788), Fis1 (1:1,000; Abcam, \#ab71498), Mff (1:1,000; Cell Signaling Technology, \#86668), PARP (1:1,000; Abcam, \#ab32064) and Mst1 (1:1,000; Cell Signaling Technology, \#3682). The experiments were performed in triplicate and repeated three times with similar results.

Immunofluorescent staining
--------------------------

The cells were washed twice with PBS, permeabilized in 0.1% Triton X-100, neutralized with NH~4~Cl buffer and then per-meabilized using 0.05% saponin/PBS (pH 7.4) for 45 minutes. Subsequently, the samples were incubated overnight with the following primary antibodies: cyt-*c* (1:500; Abcam, \#ab90529), Drp1 (1:1,000; Abcam, \#ab56788) and Tom-20 (1:1,000; Abcam, \#ab186735). Confocal immunofluorescence images were collected using the FV10-ASW 1.7 software and an Olympus IX81 microscope.[@b24-ott-12-1147] The fluorescence intensity was calculated using the Image-Pro Plus 6.0 software. First, fluorescence pictures were converted to grayscale with the Image-Pro Plus 6.0 software. Then, the fluorescence intensities were separately recorded as the grayscale intensities. Mitochondria were observed in at least 100 cells, and the average length of the mitochondria was measured under an inverted microscope to quantify mitochondrial fragmentation (BX51; Olympus Corporation, Tokyo, Japan) as described in a previous study.[@b25-ott-12-1147] The experiments were performed in triplicate and repeated three times with similar results.[@b26-ott-12-1147]

Mitochondrial potential observation
-----------------------------------

The Mitochondrial Membrane Potential Detection Kit (JC-1; Beyotime Institute of Biotechnology, Haimen, China) was used to observe changes in the mitochondrial potential. Briefly, 5 mg/mL of JC-1 working solution was added to the medium and incubated for 30 minutes at 37°C with CO~2~. Subsequently, the cells were washed with PBS to remove the JC-1 probe, and then images were taken by fluorescence microscopy (Olympus BX-61). The ratio of red to green fluorescence was analyzed using Image-Pro Plus version 4.5 (Media Cybernetics, Inc., Rockville, MD, USA).[@b27-ott-12-1147]

Caspase activity detection and LDH release assay
------------------------------------------------

Caspase-3 and caspase-9 activities were determined using commercial kits (Beyotime Institute of Biotechnology). The LDH release assay was used to observe cell death according to the manufacturer's guidelines.[@b28-ott-12-1147] The relative LDH release was recorded as the ratio to that of the control group. The experiments were performed in triplicate and repeated three times with similar results.[@b29-ott-12-1147]

Flow cytometry for mitochondrial ROS
------------------------------------

Flow cytometry was used to analyze mitochondrial ROS (mROS) production. After treatment, the cells were washed three times with PBS and then resuspended in PBS using 0.25% trypsin. Subsequently, the cells were incubated with the MitoSOX red mitochondrial superoxide indicator (Molecular Probes, Eugene, OR, USA) for 15 minutes at 37°C in the dark.[@b30-ott-12-1147] After three washes with PBS, mROS production was analyzed via flow cytometry (Sysmex Partec GmbH, Görlitz, Germany), and the data were analyzed using the Flowmax software (version 2.3; Sysmex Partec GmbH). The experiments were performed in triplicate and repeated three times with similar results.

Transfection
------------

The pDC315-Mst1 vector was designed and purchased from Vigene Biosciences, Inc. (Rockville, MD, USA). Then, the plasmid was transfected into 293 T cells using Lipofectamine 2000. After 48 hours, the supernatant was collected to obtain Ad-Mst1.[@b31-ott-12-1147] Subsequently, MDA-MB-231 cells were infected with Ad-Mst1 for 6 hours at 37°C with 5% CO~2~. Western blotting was performed to verify the overexpression efficiency.

Statistical analyses
--------------------

All results presented in this study were obtained from at least three independent experiments. The statistical analyses were performed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). All results in the present study were analyzed by one-way ANOVA, followed by Tukey's test. *P*\<0.05 was considered statistically significant.

Results
=======

Mst1 overexpression promotes apoptosis in breast cancer cells
-------------------------------------------------------------

To investigate the role of Mst1 in breast cancer apoptosis, Ad-Mst1 was transfected into the MDA-MB-231 cells. The overexpression efficiency was confirmed via Western blotting ([Figure 1A and B](#f1-ott-12-1147){ref-type="fig"}). Then, cell viability was measured using the MTT assay.[@b32-ott-12-1147] Compared to that of the control group, Ad-Mst1 transfection significantly reduced the cell viability in MDA-MB-231 cells ([Figure 1C](#f1-ott-12-1147){ref-type="fig"}). To evaluate whether the reduction in cell viability was attributable to increased apoptosis, TUNEL staining was performed. As shown in [Figure 1D and E](#f1-ott-12-1147){ref-type="fig"}, compared to that of the control group, overexpression of Mst1 elevated the ratio of TUNEL-positive cells, suggesting that Mst1 overexpression promoted cell apoptosis in MDA-MB-231 cells. This result was further confirmed by evaluating caspase-3 activity. As shown in [Figure 1F](#f1-ott-12-1147){ref-type="fig"}, Mst1 overexpression increased caspase-3 activity in MDA-MB-231 cells. In addition to caspase-3 activation, cleaved caspase-3 and PARP (the substrate of caspase-3 activation) expression was obviously upregulated in response to Ad-Mst1 transfection ([Figure 1G--I](#f1-ott-12-1147){ref-type="fig"}). Altogether, these data indicated that Mst1 overexpression promoted apoptosis in breast cancer cells.

Mst1 enhancement activates mitochondrial apoptosis
--------------------------------------------------

Subsequently, we explored the mechanism by which Mst1 overexpression induced apoptosis in breast cancer cells. Previous studies have suggested that Mst1 is the upstream mediator of mitochondrial homeostasis.[@b16-ott-12-1147],[@b33-ott-12-1147] Based on this information, we investigated whether Mst1 overexpression activated mitochondria-dependent apoptosis in breast cancer. The early feature of mitochondrial apoptosis is a reduction in the mitochondrial membrane potential that reflects mitochondrial functions, such as ATP production and oxidative stress.[@b34-ott-12-1147] Using JC-1 staining, which is a probe of the mitochondrial membrane potential, we found that Mst1 overexpression reduced the mitochondrial potential compared to that of the control group ([Figure 2A and B](#f2-ott-12-1147){ref-type="fig"}). In light of the central role of the mitochondrial potential in ATP production,[@b35-ott-12-1147] we measured total ATP production in the Mst1-overexpressed cells. Compared to that of the control group, Mst1 overexpression significantly alleviated ATP production in MDA-MB-231 cells ([Figure 2C](#f2-ott-12-1147){ref-type="fig"}). We also found that mitochondrial ROS production was significantly increased in response to Mst1 overexpression as assessed via flow cytometry ([Figure 2D and E](#f2-ott-12-1147){ref-type="fig"}), indicating that Mst1 overexpression induced mitochondrial oxidative injury.

The late feature of mitochondrial apoptosis is the activation of mitochondrial apoptotic proteins.[@b36-ott-12-1147] With Western blotting, we found that the proapoptotic factors related to mitochondrial apoptosis, such as caspase-9 and Bax, were significantly upregulated in the Mst1-overexpressed cells ([Figure 2F--J](#f2-ott-12-1147){ref-type="fig"}). Conversely, the antiapoptotic proteins related to mitochondrial apoptosis, such as Bcl-2 and survivin, were obviously downregulated in response to Mst1 overexpression ([Figure 2F--J](#f2-ott-12-1147){ref-type="fig"}). Altogether, our data illustrated that Mst1 overexpression was accompanied by activation of mitochondrial apoptosis in tongue cancer.

Mst1 triggers Drp1-related mitochondrial fragmentation
------------------------------------------------------

Next, experiments were conducted to analyze the mechanism by which Mst1 overexpression activated mitochondrial apoptosis. Previous studies have found a causal role of mitochondrial fragmentation in initiating the caspase-9--related mitochondrial apoptosis pathways in several cancer types.[@b37-ott-12-1147] Based on this information, we examined whether Mst1 overexpression induced mitochondrial apoptosis in a manner dependent on mitochondrial fragmentation. To answer this question, the mitochondrial morphology was observed in response to Mst1 overexpression in MDA-MB-231 cells. As shown in [Figure 3A and B](#f3-ott-12-1147){ref-type="fig"}, compared to that of the control group, Mst1 overexpression generated significant massive fragmentation of the mitochondria. Subsequently, the mitochondrial length was measured to quantify mitochondrial fragmentation according to the method described in previous reports.[@b11-ott-12-1147],[@b12-ott-12-1147] As shown in [Figure 3A and B](#f3-ott-12-1147){ref-type="fig"}, compared to that in the control group, the length of the mitochondria decreased tô2.3 µm after Mst1 was overexpressed, reconfirming activation of mitochondrial fragmentation under Mst1 overexpression.

Based on previous findings, Drp1 is an indispensable factor that regulates mitochondrial division.[@b38-ott-12-1147] In the present study, using the Western blotting assay, we found that Drp1 expression was significantly increased in response to Mst1 overexpression in MDA-MB-231 cells ([Figure 3C--F](#f3-ott-12-1147){ref-type="fig"}). As a consequence of Drp1 upregulation, the expression of pro-fission proteins, such as Drp1 and Mff, was mostly increased in the Mst1-overexpressed cells compared to those in the control group ([Figure 3C--F](#f3-ott-12-1147){ref-type="fig"}). Similar results were obtained using quantitative PCR assay ([Figure 3G--I](#f3-ott-12-1147){ref-type="fig"}). This information highlighted the promotive effects of Mst1 overexpression on mitochondrial fragmentation.

Inhibition of Drp1-related mitochondrial fragmentation reduces mitochondrial stress and promotes cell survival in breast cancer cells
-------------------------------------------------------------------------------------------------------------------------------------

The above data validated the regulatory effects of Mst1 on Drp1-related mitochondrial fragmentation. However, whether Drp1-related mitochondrial fragmentation is required for the mitochondrial damage and cell apoptosis induced by Mst1 overexpression is unknown. To answer this question, Drp1 was deleted using siRNA. The knockdown efficiency was confirmed via Western blotting ([Figure 4A and B](#f4-ott-12-1147){ref-type="fig"}). Then, mitochondrial stress was determined by analyzing ROS production and cyt-*c* liberation. The feature of mitochondrial stress is cyt-*c* liberation into the cytoplasm/nucleus due to mitochondrial membrane damage.[@b39-ott-12-1147] Once translocated from the mitochondria into the nucleus,[@b40-ott-12-1147] cyt-*c* interacts with caspase-9 and activates caspase-9--related mitochondrial apoptosis. Using the Western blotting assay, we found that cytoplasmic cyt-*c* (cyto cyt-*c*) expression was increased in response to Mst1 overexpression in MDA-MB-231 cells ([Figure 4C and D](#f4-ott-12-1147){ref-type="fig"}), confirming that Mst1 overexpression contributed to cyt-*c* migration to the cytoplasm. This result was further supported by immunofluorescence assay ([Figure 4E and F](#f4-ott-12-1147){ref-type="fig"}). However, Mst1 overexpression-mediated cyt-*c* liberation was negated by Drp1 silencing. Subsequently, mitochondrial ROS was analyzed by flow cytometry. As shown in [Figure 4G and H](#f4-ott-12-1147){ref-type="fig"}, compared with that of the control group, Mst1 overexpression promoted ROS overloading, and this effect was abolished by the Drp1 siRNA. This information verified the necessary role played by Drp1-related mitochondrial fragmentation in aggravating Mst1-mediated mitochondrial stress.

To assess cell apoptosis, a caspase-9 activity assay was performed. As shown in [Figure 4I](#f4-ott-12-1147){ref-type="fig"}, compared to that of the control group, caspase-9 activity was significantly increased in response to Mst1 overexpression. However, loss of Drp1 abrogated the proapoptotic property of Mst1 overexpression in breast cancer cells. Altogether, these results supported the functional importance of Drp1-related mitochondrial fragmentation in triggering Mst1-related mitochondrial stress and cancer cell apoptosis.

Mst1 increases Drp1 via activating the MAPK--JNK signaling pathway
------------------------------------------------------------------

To this end, we investigated the molecular mechanisms by which Mst1 modulated Drp1 in breast cancer cells. According to the previous study, the MAPK--JNK signaling pathway was involved in mitochondrial fragmentation management via modifying the expression of pro-fission factors, such as Mff.[@b41-ott-12-1147] In the present study, we evaluated whether Mst1 affected Drp1 expression via the MAPK-- JNK pathway. Western blotting demonstrated that phosphorylated JNK (p-JNK) was significantly increased in response to Mst1 overexpression, which was indicative of JNK activation under Mst1 overexpression ([Figure 5A--C](#f5-ott-12-1147){ref-type="fig"}). Subsequently, SP600125, which is a JNK pathway blocker, was added to the Mst1-overexpressed cells. Then, the p-JNK and Fis1 expression levels were observed. As shown in [Figure 5A--C](#f5-ott-12-1147){ref-type="fig"}, after blockade of the JNK pathway, p-JNK expression was obviously downregulated and was accompanied by a decrease in Drp1 expression. This result was further verified by immunofluorescence. Compared to that of the control group, abundant Drp1 expression was observed in the Mst1-overexpressed group ([Figure 5D--F](#f5-ott-12-1147){ref-type="fig"}). However, the Drp1 levels were rapidly downregulated in response to SP600125 ([Figure 5D--F](#f5-ott-12-1147){ref-type="fig"}), reconfirming that the MAPK--JNK signaling pathway was involved in Drp1 expression.

The MAPK--JNK signaling pathway also affects mitochondrial function and cell survival
-------------------------------------------------------------------------------------

Lastly, we explored whether the MAPK--JNK signaling pathway participated in mitochondrial stress and cancer cell apoptosis. To address this question, a pathway blocker was used. As shown in [Figure 6A](#f6-ott-12-1147){ref-type="fig"}, compared to that of the control group, Mst1 overexpression elevated caspase-9 activity, and this effect was nullified by SP600125. Total ATP production was also repressed by Mst1 overexpression, and this effect was reversed by SP600125 ([Figure 6B](#f6-ott-12-1147){ref-type="fig"}). These results indicated that inhibition of the JNK pathway alleviated Mst1-mediated mitochondrial stress. To assess cell survival, the MTT and LDH release assays were performed. As shown in [Figure 6C](#f6-ott-12-1147){ref-type="fig"}, compared to that of the control group, cell viability as assessed by MTT was significantly reduced in response to Mst1 overexpression and was reversed to near-normal levels by SP600125 treatment. Moreover, cell death as evaluated by the LDH release assay was enhanced by Mst1. However, SP600125 treatment attenuated Mst1-overexpressed cell death ([Figure 6D](#f6-ott-12-1147){ref-type="fig"}). Similarly, the number of TUNEL-positive cells was significantly increased in the Mst1-overexpressed cells, and this effect was abolished by SP600125 ([Figure 6E and F](#f6-ott-12-1147){ref-type="fig"}). Altogether, these results illustrated that the MAPK--JNK pathway was involved in Mst1-related mitochondrial stress and cell apoptosis in breast cancer cells.

Discussion
==========

In the present study, our results identified the antitumor effects and mechanisms of Mst1 overexpression in breast cancer. MDA-MB-231 breast cancer cell line was used in the present study, and adenovirus targeting Mst1 was transfected into MDA-MB-231 cells. Using an array of functional investigations, we demonstrated that Mst1 overexpression promoted cell apoptosis via inducing mitochondrial stress. Our results further highlighted the necessary role of Drp1-related mitochondrial fragmentation in mediating mitochondrial stress, because inhibition of Drp1-related mitochondrial fragmentation sustained mitochondrial function and repressed cancer cell apoptosis. To this end, the molecular analysis illustrated that Mst1 modulated Drp1 via the MAPK--JNK pathway, which was also involved in Mst1-mediated mitochondrial stress and cancer death. Collectively, this study is the first to explore the actions of Mst1 and Drp1-related mitochondrial fragmentation in breast cancer cell viability. Based on our results, the Mst1--JNK--Drp1 signaling pathway should be considered as a potential target to treat breast cancer via inducing cell apoptosis and mitochondrial stress. Notably, more investigations in animal research and clinical practice are required to obtain more complete elucidation of the properties of Mst1-modified Drp1 mitochondrial fragmentation in breast cancer death.

Strong evidence supports the proapoptotic role of mitochondrial fragmentation in initiating the mitochondrial apoptosis pathway in various cancer types. For example, in lung cancer,[@b42-ott-12-1147] ovarian cancer,[@b43-ott-12-1147] breast cancer, liver cancer,[@b44-ott-12-1147] pancreatic cancer[@b45-ott-12-1147] and colorectal cancer,[@b46-ott-12-1147] mitochondrial fragmentation has been well recognized as a major pro-apoptotic factor that acts via regulation of mitochondrial homeostasis,[@b47-ott-12-1147] endoplasmic reticulum stress and the inflammatory response. Mechanistically, excessive mitochondrial fragmentation produces massive mitochondrial debris that contains a lower mitochondrial membrane potential and fragmentary DNA.[@b48-ott-12-1147] These damaged mitochondria cannot generate sufficient ATP to fuel cell metabolism, but instead liberate proapoptotic factors into the cytoplasm/nucleus to initiate the mitochondria-related apoptosis pathway.[@b18-ott-12-1147],[@b49-ott-12-1147] For example, in endothelial oxidative injury, mitochondrial fragmentation impairs mitochondrial DNA transcription and replication, and consequently represses mitochondrial respiratory complex expression,[@b36-ott-12-1147] leading to ATP depletion. Additionally, in cardiac ischemia reperfusion injury,[@b50-ott-12-1147] abnormal mitochondrial fragmentation interrupts mitophagy[@b51-ott-12-1147] and promotes mitochondrial calcium overloading,[@b52-ott-12-1147] which obligates cardiomyocytes to undergo death.[@b53-ott-12-1147] In rectal cancer,[@b16-ott-12-1147] aberrant mitochondrial fragmentation mediates cellular oxidative stress,[@b48-ott-12-1147] which blunts cancer migration. In the present study, our results indicated that mitochondrial fragmentation was associated with mitochondrial apoptosis and mitochondrial ROS overproduction; inhibition of mitochondrial fragmentation sustained mitochondrial metabolism and attenuated mitochondrial damage, finally promoting cancer cell survival. Therefore, our results combined with those of previous studies lay the foundation for understanding the molecular features of mitochondrial fragmentation in mitochondrial damage and substantiate the sufficiency and necessity of mitochondrial fragmentation in inducing cancer death.[@b54-ott-12-1147]

In the present study, we provided a piece of evidence to support the regulatory effects of Drp1 in inducing mitochondrial fragmentation in breast cancer. This finding was similar to those of previous studies. For example, IL-2--induced oxidative injury and cell apoptosis in liver cancer was associated with Drp1 activation and subsequent mitochondrial fragmentation.[@b55-ott-12-1147] Moreover, Drp1-related mitochondrial fragmentation was involved in the apoptosis and migration of human rectal cancer in a manner dependent on HtrA2/Omi signaling pathway.[@b16-ott-12-1147] In bladder cancer cells, activation of Drp1-related mitochondrial fragmentation impairs cancer invasion and attenuates tumor chemoresistance.[@b56-ott-12-1147] Importantly, a recent study[@b48-ott-12-1147] has reported that the sensitivity of breast cancer to IR-783 (anticancer drug) is closely regulated by Drp1-related mitochondrial fragmentation. In the present study, we observed a direct role of Drp1-related mitochondrial fragmentation in initiating mitochondrial apoptosis in breast cells. This finding helps further understanding of the causal action of Drp1 in breast cancer cell viability.[@b57-ott-12-1147] From a therapeutic perspective, clinicians should bear in mind that activation of Drp1-related mitochondrial fragmentation is of utmost importance when designing anti-tumor therapies for breast cancer cells.

Herein, we reported that Mst1 modulated Drp1-related mitochondrial fragmentation via the MAPK--JNK pathway. The relationship between the JNK pathway and Drp1-related mitochondrial fragmentation has been extensively explored. In acute myocardial ischemia reperfusion injury and chronic heart fibrosis, activated JNK promotes mitochondrial fragmentation and cardiomyocyte death. Similarly, in liver cancer, rectal cancer, gastric cancer,[@b49-ott-12-1147] endometriosis[@b58-ott-12-1147] and cervical cancer,[@b59-ott-12-1147] the JNK pathway has been identified as the upstream factor for mitochondrial fragmentation activation. In agreement with previous studies, we also found that inhibition of the JNK pathway repressed Drp1 expression and attenuated mitochondrial fragmentation. These results define the JNK pathway as a tumor suppressor that acts by triggering mitochondrial fragmentation with potential implications for new approaches to breast cancer therapy.

The primary limitation in the present study is that we only used one type of cell line to explore the influence of Mst1 on breast cancer cell viability. Additional experiments using more cell lines and/or human samples are required to provide more evidence to support the action of Mst1 on breast cancer death.

Conclusion
==========

Altogether, the present study identified the Mst1--JNK--Drp1-mitochondrial fragmentation axis as a potential candidate target for new therapies against breast cancer. Overexpression of Mst1 activated the JNK pathway and then upregulated Drp1 expression. Increased Drp1 expression triggered mitochondrial fragmentation, which exacerbated mitochondrial damage, ultimately initiating the mitochondria-dependent apoptosis pathway in breast cancer. Although our present study presents a new signaling pathway responsible for breast cancer cell death, additional investigations using animal studies or human samples are needed to validate our concept and help transform basic research findings into clinical application.
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![Mst1 overexpression induces apoptosis in breast cancer cells in vitro.\
**Notes:** (**A**, **B**). Ad-Mst1 was transfected into MDA-MB-231 breast cancer cells. Western blotting was used to observe the overexpression efficiency. (**C**) The MTT assay was used for cell viability detection. Ad-Mst1 was transfected into MDA-MB-231 breast cancer cells. (**D**, **E**) TUNEL staining for apoptotic cells. Red dots were recorded, and the ratio of TUNEL-positive cells was evaluated to reflect cell apoptosis. (**F**) Caspase-3 activity was measured via ELISA. Ad-Mst1 was transfected into MDA-MB-231 breast cancer cells. (**G**--**I**) Western blotting was performed to analyze the expression of proapoptotic proteins, such as cleaved caspase-3 and PARP. \**P*\<0.05 vs Ad-ctrl group.\
**Abbreviation:** Ad-Mst1, adenovirus-loaded Mst1.](ott-12-1147Fig1){#f1-ott-12-1147}

![Mitochondrial apoptosis is activated by Mst1 overexpression.\
**Notes:** (**A**, **B**) Mitochondrial membrane potential was observed using JC-1 staining. (**C**) ATP production was measured. Ad-Mst1 was transfected into MDA-MB-231 breast cancer cells. (**D**, **E**) Mitochondrial ROS production was analyzed using flow cytometry. The relative ROS content was recorded as a ratio to that of the control group. (**F**--**J**) Western blotting was performed to analyze the expression of mitochondrial apoptotic proteins. Ad-Mst1 was transfected into MDA-MB-231 breast cancer cells. \**P*\<0.05 vs Ad-ctrl group.\
**Abbreviation:** Ad-Mst1, adenovirus-loaded Mst1.](ott-12-1147Fig2){#f2-ott-12-1147}

![Mst1 overexpression activates mitochondrial fragmentation in a manner dependent on Drp1.\
**Notes:** (**A**, **B**) Immunofluorescence for mitochondria using a mitochondrial-specific antibody Tom-20. The average length of the mitochondria was measured, and this parameter was used to quantify mitochondrial fragmentation. (**C**--**F**) Western blotting was applied to evaluate the expression of pro-fission proteins, including Drp1, Mff and Fis1. Relative Drp1 expression was recorded in response to Mst1 overexpression. (**G**--**I**) qPCR assay was used to evaluate the transcription of pro-fission factors. \**P*\<0.05 vs Ad-ctrl group.\
**Abbreviations:** Ad-Mst1, adenovirus-loaded Mst1; qPCR, quantitative PCR.](ott-12-1147Fig3){#f3-ott-12-1147}

![Loss of Drp1-related mitochondrial fragmentation attenuates mitochondrial damage and cell apoptosis.\
**Notes:** (**A**, **B**) Drp1 siRNA was transfected into MDA-MB-231 breast cancer cells. Western blotting was used to analyze the knockdown efficiency. (**C**, **D**) Western blotting was used to detect cyt-*c* translocation from mitochondria into the cytoplasm. (**E**, **F**) Immunofluorescence for cyt-*c* liberation. Relative nuclear cyt-*c* expression was recorded as a ratio to that of the control group. Drp1 siRNA was transfected into MDA-MB-231 breast cancer cells. (**G**, **H**) Flow cytometry was performed to analyze the mitochondrial ROS levels in response to Drp1 deletion. (**I**) Caspase-9 activity was measured using ELISA. \**P*\<0.05 vs Ad-ctrl group; ^\#^*P*\<0.05 vs Ad-Mst1 + si-Drp1 group.\
**Abbreviation:** Ad-Mst1, adenovirus-loaded Mst1.](ott-12-1147Fig4){#f4-ott-12-1147}

![Mst1 regulates Drp1 via the JNK signaling pathway.\
**Notes:** (**A**--**C**) Western blotting was used to analyze p-JNK and Drp1 expression. The JNK blocker SP600125 was used to prevent JNK activation in Mst1-overexpressed cells. (**D**--**F**) Immunofluorescence assay for Drp1 and mitochondria. The relative fluorescence intensity of Drp1 was measured. \**P*\<0.05 vs Ad-ctrl group; ^\#^*P*\<0.05 vs Ad-Mst1 group.\
**Abbreviation:** Ad-Mst1, adenovirus-loaded Mst1.](ott-12-1147Fig5){#f5-ott-12-1147}

![The JNK signaling pathway participates in mitochondrial stress and cell apoptosis.\
**Notes:** (**A**) Caspase-9 activity was measured by ELISA. SP600125 was used to inhibit JNK activation. (**B**) ATP production was determined in response to JNK inhibition using SP600125. (**C**) Cell viability was measured by the MTT assay, and SP600125 was used to inhibit JNK activation. (**D**) The LDH release assay was performed to analyze cell death with ELISA. (**E**, **F**) TUNEL staining for apoptotic cells and the number of apoptotic cells were recorded in response to SP600125. \**P*\<0.05 vs Ad-ctrl group; ^\#^*P*\<0.05 vs Ad-Mst1 group.\
**Abbreviation:** Ad-Mst1, adenovirus-loaded Mst1.](ott-12-1147Fig6){#f6-ott-12-1147}
